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EMI Investigation and Suppression Filter Design for Wireless Robotic
Control Applications
Robert Zadeh
This research work contributes to the practical issues of radiated Electromagnetic
Interference (EMI) measurements, analysis, and filter design for wireless robotic control.
Detailed procedures and hardware setup used for the EMI measurements conducted at the
NRC-AMTC factory floor have been presented. Then, the measured radiated EMI levels
have been compared to the regulated limits on radiated EMI for Class A industrial
equipment. The mentioned radiated EMI level measurements determined the problematic
frequencies where the USA Federal Communications Committee (FCC) radiated EMI
levels have been exceeded.
The second phase involved band stop filter (BSF) design at the problematic frequencies.
Initial filter models were designed using Ansoñ Designer, where the characteristic
impedance of series and shunt stubs were proposed and calculated by the software. Next,
the BSF models were realized using microstrip technology. The dimensions of
transmission lines were calculated based on the substrate thickness and the cutoff
frequency of interest. BSFs were designed to maximize frequency-selectivity at the cutoff
frequencies.
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Finally, the built BSF prototypes were built for higher-than-680 MHz models on Rogers
RT/duroid® 5880 high-frequency substrates. The S-parameters and phase responses of the
BSF prototypes were measured using a network analyzer. The measured results were
close to the simulated ones, with an emphasis on selectivity at the cutoff frequencies.
BSFs designed at cutoff frequencies of 840 MHz or higher are used while the robot
performs arc-welding and peen-forming, while BSFs with cutoff frequencies lower than
840 MHz will be used near the moving-gantry, and while friction stir-welding processes.
IV
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1.1 Introduction to Electromagnetic Interference
Electromagnetic Interference (EMI) emanates from electromagnetic conduction, and the
radiations of an external noise source that is incident on electronic circuit components.
EMI causes unwanted signal degradation, which negatively affects the effective
performance of the circuit. The EMI source can be either natural or man-made. Examples
of the former include storm and northern lights. Examples of the latter include EMI noise
generated by electrical machines, welding equipment, and electrical circuit switch boxes.
In particular, wireless communication systems, multi-purpose electronic circuits,
computer motherboards, and many other solid-state devices used on a daily basis are
susceptible to various man-made and natural sources of EMI noise. The effects of
Electromagnetic Interference (EMI) can be detrimental to the overall performance of any
of the above-mentioned devices, if such interference is not controlled or suppressed
properly.
Generally, EMI adversely affects the quality of wireless robotic control systems. The
measured radiated EMI noise levels in the vicinity of the robotic controller, wireless
receiver module, and the wireless network are all crucial in determining the exact design
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parameters of the mitigation EMI filter. Such parameters include the pass band,
amplitude level of the acceptable signal, filter bandwidth and corner frequencies, filter
order, and the insertion loss. The radiated EMI results show deviations from the FCC
regulations within the band of data communications.
1.2 Introduction to the Problem
A particularly important wireless performance criterion is its robustness against
Electromagnetic Interference (EMI) from various electrical noise sources. It is expressed
in decibel with reference to ?µ? per meter length of cable (i.e., dE^V/m) at frequency
range of 900MHz - 5GHz. Figure 1 depicts the EMI measurement setup near the robotic
controller and its manipulator arm.
The measured radiated EMI in the vicinity of the robotic controller was the milestone of
this research project. The details of these measurements are outlined in Chapter 3.
Radiated EMI levels were measured and analyzed in the 216-960 MHz and 960-5000
MHz bands. The problematic levels were identified according to the FCC limits on
radiated EMI levels of Class A industrial equipment and FCC Class B commercial
equipment. This standard dictated the maximum allowed radiated EMI levels at specific
frequencies of interest. Then, the next task of this research work included designing and
fabricating appropriate band reject filters for the specified problematic frequency ranges
of Chapter 3. Chapters 4 and 5 of this thesis will explain the theory, design, and
measurement of the band reject filters used for EMI suppression in detail. Tables 3.3 and
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3.4 show that the radiated interference is quite larger than the stringent Federal
Communications Commission (FCC) standard limits for Class A Industrial Devices at
operation frequencies past 216 MHz, as outlined in [I]. Similar EMI measurements were
taken near another robot controller, as depicted in Figure 1.1. Here, the radiated EMI near
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Figure 1.1 Measured Radiated EMI 10 m away from the Motoman *' Robotic Controller
The FCC requirements are stringent and the EMI measurement procedures of Chapter 3
adhere to the standards stated in [1] and [3]. This will result the measured signal being in
the Fail Limit region of the EM analyzer, as shown in Figure 1.1. EMI energy spill results
in the deterioration of the wireless interfacing system. A great deal of research and
innovation goes into EMI/RFI mitigation and error control in wireless communications.
Chapter 3 will cover the details and theoretical background of the EMI measurements for
this research project. Figure 1.1 illustrates the typical radiated EMI measured 10 m away
from the robotic controller.
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1.3 Motivation and Objectives
The above-mentioned EMI results pave the path to the next phase of this work. This
research project will first provide a comprehensive study of what has been analyzed,
modeled, and designed/proposed for the mitigation of EMI in similar RF and solid-state
applications. Moreover, a general summary of the past work will be presented. Then,
computer simulation results will be provided on various types of band reject filters for the
frequency bands of 2 1 6-960 MHz and 960 MHz - 5 GHz.
The main objective is to filter out redundant noise levels above the maximum allowed
limits by the FCC Class A and B regulations, while maintaining the required amplitude
levels of the original data being sent from the transmitter.
A new range of RF filters will be designed and presented for the mitigation of EMI
present in the 216-960 MHz frequency band. The computer simulation results,
discussion, and suggestions for further work will also be presented. Next, a similar, yet
more frequency-sensitive filter will be designed for the 960MHz - 5GHz frequency band.
The lumped-element models of the proposed filters will be fabricated using lines and
stubs on substrates. Further improvements and future work will also be discussed.
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1.4 Organization of this Document
This thesis started with this chapter introducing the reader to EMI, motivation behind this
research work, thesis objectives, and overview of the document. Chapter 2 of this thesis
will address a comprehensive survey of previous work in both EMI/EMC and in RF Filter
Design. Details of the conducted EMI measurements at the National Research Council
Canada-Aerospace Manufacturing Technology Centre (NRC-AMTC) and the relevant
theory will be presented in Chapter 3. The RF filter design methods, circuits, and the
simulation results will be presented in Chapter 4. The mentioned filters of Chapter 4 will
be fabricated on substrates and tested in Chapter 5. Finally, the thesis will be wrapped up
in Chapter 6, where future work in this research topic will also be discussed.
1.5 Summary of Chapter 1
Introduction to the research problem, its significance, and a comprehensive review of the
objectives of this research project have been presented in this chapter. A briefing of the
proposed filter design, along with the overview of this thesis, has also been provided.
Finally, the overall organization of this thesis has been provided.
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Chapter 2
Literature Survey of Previous
Works
2.1 EMI/EMC and Measurements
The nonlinear model of EMI on both analog and digital communication systems has been
presented in [4] and [5]. The mathematical model for the EMI has been presented in the
mentioned references. Moreover, the quadrature modeling technique has been presented
for the behavioral-level nonlinear modeling and simulation of the active stages of
communication circuits and systems. However, no indication or studies of EMi
mitigation has been presented.
Analog circuit design techniques for ensuring electromagnetic reliability have been
presented in [6]. The optimization techniques have been discussed and verification
methods such as EMC simulations, feasibility studies, power crosstalk and simulation of
circuit EMI have been demonstrated. The models can be used in the design verification
part of this project.
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In [7], the detrimental effects of EMI on operational amplifiers and switching capacitors
have been presented. An overview of the hazardous electromagnetic environment noises
in the frequency band 30-300 Hz has been provided in [7]. Both natural and man-made
sources of noise have been introduced. The minimum and maximum noise levels have
been demonstrated, with no further suggestions on measurement or mitigation techniques.
A new RFI circuit for MOS switches has been proposed, partially useful in the design
stages of this thesis. The double differential pair has been modeled and the prediction of
errors due to MOS switch distortion have been mathematically modeled and linked to
RFI. Moreover, the RFI-induced errors in complex operational amplifier circuits have
been modeled and simulated. A novel EMI filter has been proposed in [8], which is based
on the insertion loss method of filter design.
Very comprehensive statistical-physical model of EMI has been presented in [8].
Radiated EMI for Class A and Class B devices have been reproduced, where
classification has been conducted based on a posteriori probability distribution models.
Both intelligent and non-intelligent (man-made and natural) models of noise have been
addressed. No indication of measurement or mitigation techniques has been presented.
However, the mathematical models described can pave the path to a more realistic
realization of the affected network, hence more clear design objectives.
Coupling mechanisms of RF power cords inside an IC have been analyzed and the noise
levels have been measured for Direct Power Injection (DPI) circuits and for Operational
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Amplifiers (Op-Amps). Then, an analog filter topology has been proposed for the
frequency orders of kHz and MHz, which is applicable to IC components and operational
amplifiers directly connected to the power injection node. The results on these in addition
to the optimized EMI filter will be applied in the design stage of this project, in addition
to seeing future improvements to the EMI filter designs.
2.2 EMI/EMC Regulations for Electronic Equipment
In Canada and USA, the limits on radiated EMI on FCC Class A industrial and Class B
commercial electronic equipment are regulated by the Federal Communication
Commission (FCC). Class A digital electronic devices are those used in commercial,
industrial, or business applications. Class B digital electronic devices are used in
residential applications, in spite of their application in commercial, industrial, or business
environment. The limits on the radiated EMI for FCC Class A equipment measured at 10
m from the noise source have been tabulated in Table 2.1 [1] [9].
Frequency Range
30-88 88-216 216-960 960-5000
(MHz)
FCC Class A Emission
39 43.5 46.4 49.5
Limits (a?µ?/m)
Table 2.1 FCC Limits on Class A Emissions at Various Frequency Bands
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It is important to note that the limits of Table 2.1 assume a distance of 10 m between the
EMI measuring device and the source of radiated EMI. Due to the limitations in the
factory floor, safe working distance from the robotic arms and the enclosure of the
robotic controller and manipulator arms, all the measurements for this research project
are based on a separation distance of 10 m between the EMI analyzer and the noise
source.
The standard values of Table 3.3 at the specified frequency ranges will provide proper
yardsticks to compare the measured radiated EMI emissions of Chapter 3 against. Simply
put, if the measured value of emission at a given frequency exceeds the corresponding
limit from Table 3.3, it will be considered unacceptable and must be compensated by
appropriate filtering and signal shaping. These regulations are being used as comparison
yardsticks in [10] and [11] to evaluate the performance of EMI filter after insertion.
Several EMI filters have been proposed in the literature. An active EMI filter for High
Frequency (HF) power inverters has been proposed in [10]. This active filter utilized
ferrite toroidal core in common mode (CM) to detect high frequencies and leakage
currents. Also, the filter leverages a capacitor with high withstand voltage for circuit
protection in voltage test conditions. Also, measurement results of the mains terminal
interface voltage in [10] show a decrease in CM noise. Theoretical background on EMI
measurements before and after filtering, as well as the effects of both the CM and DM
radiated EMI noise on the filter have been provided in [10], [1 1].
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2.3 RF Filter Design and Fabrication
The design of a tuned band reject filter has been studied in [12], where the filter is used in
the input of power line communication systems. A simple RLC filter has been proposed
for "tuned" EMI filtering in conjunction with conventional EMI filtering techniques. The
proposed filter has improved the overall results when cascaded with the conventional
EMI filter. Also, it has been applied to television receiver and has reduced the overall
EMI from adjacent power cords and switches.
A very important application-oriented paper, this thesis will use its techniques in RLC
filter design and in proper cascading with the existent filter. As explained in detail in
[13], EMI/RFI filter design is still fairly new and lots of research has to go through such
projects.
Several design methods have been proposed to model lumped-element filter prototypes
on substrates using transmission lines and stubs in [14] and [15]. Simulation results from
ADS software can be accordingly compared against these results, due to the accuracy of
the ADS software.
In [15], the electromagnetic susceptibility of some typical RF circuits and integrated
circuits has been modeled, and the general issues involved in externally-coupled EMC
and intra-element EMC have been discussed. From a practical standpoint, the
susceptibility of integrated circuits has also been discussed. The parasitic emissions of
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ICs, design alternatives to achieve low emission, EMC modeling of some circuit
components, and establishing standards in EMC of ICs are relevant to this research work.
Filters attenuate the signal magnitude at specific frequencies called "stop band", while
permitting signal energy at other frequencies called "pass band".
In most microwave and Radio Frequency (RF) systems, filters are designed and
implemented to get rid of spurious signal components and to shape signals. RF filters are
traditionally built via waveguides, coaxial lines, and lumped elements. Newer RF filters
printed on substrates are lower in cost, have high precision, and are easily implemented
into the rest of an electronic system's hardware.
These methods involve filter design by the "insertion loss" method and "image
parameter" method. Due to the practicality of the former and the ability to transform
lumped element models into transmission lines using mathematical transformations (i.e.,
Richard's and Kuroda's transformations), the "insertion loss" method has been
implemented to design the filters for this research work. Furthermore, electromagnetic
simulators such as Ansoft HFSS [16] and RF simulators such as Agilent ADS [17] have
been utilized together to design the filter's circuit and translate the design into the
transmission lines and stubs.
Determination of the balancing capacitor explained in [1 1] and the Ultra High Frequency
(UHF) filter designed in [18] will prove helpful in the design of EMI filters in Chapter 4
of this thesis. The Mixed Mode (MM) EMI noise have been introduced in [19], where an
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RF filter has been design to mitigate the noise by using CM and Differential Mode (DM)
chokes.
Details of designing proper band reject filters and their microstrip realizations on
dielectric substrates are presented in [19]-[24]. The methods used in the mentioned works
have been used in the design and fabrication of the band reject filters for this research
work. The design typically starts with the design specifications, cutoff frequency,
steepness, and quality factor. The microstrip lines will resemble the corresponding
inductance and capacitance values, taking into consideration the thickness of the substrate
and the relative dielectric constant of the substrate.
A novel tunable small-size Band Stop Filter (BSF) has been developed for similar
aerospace applications and frequencies up to 5 GHz in [25]. This filter uses High
Temperature Superconducting film and planar microwave components to achieve
insertion loss of -42 dB at/c = 1.635 GHz. The results of [25] will be used as yardsticks
of comparison for the filters of this research work.
Chapters 4 and 5 of this thesis focus on the mentioned filter design methods, application,
simulation, and fabrication of several prototypes. These filters will then be used to
address the EMI issues of the wireless robotic control system and will pave the ground
for further research in this new field of wireless mechatronics and control.
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2.4 Simulation Tools and Techniques
Numerous Microwave and RF simulation software tools are available and have been used
extensively in most of the surveyed work of this chapter. For this research work, we
examined Agilent ADS, Ansoft HFSS, Ansoft Designer, and MATLAB [26]. All the
mentioned simulation software tools were analyzed and tested for filter design and
fabrication. Parameters such as the simulation time, number of iterations, and the
capability of the software to make Gerber files for filter fabrication made up the
comparison chart.
In [27], various new Electrical Engineering CAD software such as Ansoft HFSS and
ADS have been introduced and compared against for the purpose of EM-based design
projects. Ansoft HFSS and Designer have been selected as the simulation tool of choice
to verify new design algorithms, and hereby optimizing EM circuit design. Moreover,
the BSFs of Chapter 4 were primarily designed in MATLAB before getting re-designed
in HFSS due to MATLAB' s inability to assist in designing practical microstrip Band
Stop Filters (BSFs) and build the corresponding Gerber files as the output.
For this research work, the Ansoft Designer was chosen as the software of choice due to
its stability, as well as its fast iterations and effective Gerber file construction capability.
Ansoft Designer was also proven to provide very accurate S-parameter analysis and assist
in adjusting the dimensions to obtain the best possible performance.
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2.5 Summary of Chapter 2
A comprehensive review of previous work on EMI measurements, analysis, and filter
design to remedy the issue has been presented in this chapter. Moreover, filter design
simulation software have been introduced along with the best choice for this research
project. The FCC standards on radiated EMI levels for Class A industrial devices have
also been presented, along with some average radiated EMI limits and measurements at
frequencies ranging from 300 MHz - 5 GHz.
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Chapter 3
Radiated EMI Measurements and
Analysis
3.1 Radiated EMI Background
Accurate definition for radiated EMI involves the propagation of electromagnetic energy
levels from the EM noise source (the power converter, transmission line, switch, etc.) to
the noise victim device, such as the Equipment Under Test (EUT), circuit board, IC, and
the robotic controller.
Electromagnetic energy consisting of perpendicular £ and H fields propagating in an
array through a medium and negatively affect the performance of radio frequency
communications link between the transmitter (modem attached to the supervisory
computer) and the receiver (robotic controller).
Electromagnetic energy emanating from an external or an internal source to the electrical
equipment negatively affects the neighboring equipment by introducing unwanted and
erroneous current components, causing it to have erroneous undesirable response.
Typically, signal performance degradation is the by-product of the spurious EMI effect.
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EMI usually gets radiated through openings in equipment such as faulty cable shields,
holes on the surface of the equipment, or faulty joints in the equipment panels. It is
important to remember that metals radiating electromagnetic energy have the capability
of absorbing electromagnetic energy. Hence, even an EMI source is vulnerable to EMI
from another external source at the same time.
Differential mode and common mode noise are two major radiated noise factors relevant
to this research work dealing with radiated noise in electronic equipment. From these two
major "types, the common mode noise is the main concern, which could make the results
of radiated emission become more problematic [28].
The next two sections of this chapter will further elaborate on the two major types of
noise, as well as the sources of EMI noise. Then, the details of the measured radiated
EMI near the robotic controller and some of the typical noise-contributing equipment will
be provided. Finally, the gathered measurements will be analyzed and compared against
the FGC limits on radiated EMI.
3.1.1 Differential-Mode and Common-Mode Noise
Differential mode noise is measured between two transmission lines that share a common
reference ground. The differential mode noise is formulated as the difference of the noise






Figure 3.1 Common-Mode and Differential-More Currents of two Parallel Wires
Given two parallel transmission lines of Figure 3.1, with I1 and I2 as the currents passing
through the wires, the differential mode component of the current can be written as [I]:
, where I¡ and I2 are the currents through cross section of the wires, along the positive xy-
plane direction. Similarly, the ubiquitous and undesired common-mode component of the
currents, ICOmm, can be written as:
/ = 1^ +Ii (3 2)
One of the most common causes of the differential noise between two transmission lines
is the signal to the common loop enclosures alternating magnetic field, which induces
voltage in the loop. It is also likely that the alternating electric field terminating on both
d
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signal and common lines to cause currents producing different voltages due to different
impedances in the path of each of the currents. The existent noise between the neutral and
the ground transmission lines is referred to as the common mode noise. Another way to
think of the common mode noise is the coherent interference with a negative effect on
two or more elements of a network in a highly-coupled manner.
At higher frequencies, coupling between the conductors, line, neutral and ground will
increase. Electronic equipment is typically 10 to 100 times more sensitive to common
mode noise [29]. Finally, it is important to note that common-mode currents are very
substantial, and often lead to more significant radiated emissions that their differential-
mode counterparts, due to the inter-modulation product of currents.
In both cases of differential and common-mode, it is desirable to calculate the total
radiated electric field of the wire currents as the sum of each individual one. According to




M=j (2p. JO'7)/. I (3.4)










Figure 3.2 Radiated Electric Fields of Parallel Wires
Equations (3.3) and (3.4) refer to the Hertzian dipole as explained in [I]. They are
functions of the physical characteristics of the antenna and the angle of the antenna
pattern.
As geometrically explained in Figure 3.2, the addition of two current components of two
parallel wires will contribute to the total radiated electric field as:
Ee,,ot = M(he- '-,I2- -) (3.5)
In order to thoroughly understand the difference between the differential and common
modes of the noise, equation (3.5) can be re-written for both the mentioned modes
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discretely. According to [1], the differential and the common mode components of
current can be written as:
Edmmax= -4p? IO"7 ^L e"'" sin(±/W) (3.6)
and
Ecomm,max = -4p ? IO"7 ^fS. e-J» cos (hod) (3.7)
, where:
ri = r cos f (3.8)
r2 = r + — cos f (3.9)
In other words, both differential and common noise components comprise of the same
physical parameters, except for their current components. Moreover, a phase shift is
present due to the sin (-ß?f and cos (-ßod) factors. Next, we shall determine typical
sources contributing to the mentioned noise currents in the typical factory floor.
3.1.2 Sources Contributing to Noise
The measured radiated EMI noise levels were conducted near the robotic controllers,
friction stir welding machine, transformer box, and the moving robotic gantry. The
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frequency range of 300-1800 MHz was particularly of interest since the mentioned
equipment showed higher-than-limit quasi-peak radiated EMI levels within this range.
The particular sources of noise involved switching frequency operations in the
transformer box, heat generated by high currents of the friction stir welding machine, and
the higher-than-normal voltage levels at the robotic controller. Moreover, it was observed
during the measurements that the peak radiated EMI noise levels were also adversely
affected by operators walking in the vicinity of the log-periodic measurement antenna.
The next section will focus on the EMI measurement setup, equipment, and the formulas
and correction factors of the measured EMI levels using the EM analyzer.
3,2 EMI Measurememt Equipment Setup
The radiated EMI measurements were conducted using an EM analyzer, log-periodic
antenna, 3-meter coaxial cable, and a laptop PC. Figure 3.3 illustrates the typical setup of
the mentioned equipment used in conducting the radiated EMI measurements. The basic
blueprint of the EMI measurement equipment connections is illustrated in Figure 3.3 (a).
BNC cables of appropriate lengths with cable factors of 1 dB have been used to connect
the equipment and the antenna together. The actual equipment used to measure the
radiated EMI levels as well as and their connection diagram have been illustrated in












Figure 3.3 (a) Block Diagram of Typical EMI Test Equipment
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Figure 3.3 (b) EMI Measurement Equipment Setup
The Device Under Test (DUT) represents any of the mentioned equipment around
which the EMI measurements were investigated.
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• The Line Impedance Stabilization Network (LISN) was used to filter the mains
voltage and block higher-than-mains frequencies. Moreover, the LISN generates a
characteristic impedance of 50 O to the DUT. The LISN is simply a RLC p-
network filter.
• The Log-Periodic Antenna was used for the frequency range of 300-1900 MHz
Type N connectors were used to hook the antenna to the 3-meter cable being fed
into the EM analyzer. The antenna was used in both vertical and horizontal
polarizations to take the measurements.
• The Agilent EM analyzer was used to capture and monitor the peak radiated EMI
levels with different frequency sweeps and to measure both the peak and RMS
values in dl^V.
The absolute value of the measured radiated electric field can be formulated taking
several antenna and spectrum analyzer properties as correction factors. Mathematically,
the relation will be [I]:
t?
measrured ,??µ? I m = KUv +/««..*+201ogI„/.+ |Fcl,i(e|-|Z^1Ä1|-13.58 (3.10)
The definitions and empirical values of all the parameters in (10) are presented in Table
3.1. Moreover, the values for the ground plane coefficients (horizontal polarization) at








































Table 3.2 Correction Factors of the Total Measured Radiated EMI at 1 GHz
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33 EMI Measurement Results
The following Tables summarize the radiated EMI measurements conducted 10m from
each of the factory floor equipment. These measurements have been tabulated from the
notes and graphs obtained from the EM analyzer. The results will be further analyzed and
used in the design of band reject filters of Chapter 4. Figure 3.4 illustrated the measuring
equipment in the vicinity of a stationary robot gantry.
Any deviation of the radiated EMI level from the limits imposed by the FCC is highly
undesirable. Efficient EMI mitigation circuits are needed to reduce the adverse effects of









Figure 3.4 EMI Measurement Site near Robot Controller
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Tables 3.3 - 3.5 outline the average measured radiated EMI in the vicinity of the robotic
controller, wireless receiver, and its adverse nonlinear impacts on the quality of





















































1464 77.2 49.5 27.7
Table 3.3 Measured Radiated EMI 10 m from Robotic Controller (Operation Mode)
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Measured FCC Limit on Marginal
Peak Frequency Radiated EMI Radiated EMI Difference
(MHz) Sr,meas §iM¡m An, = Sr,meas - kr,lim
(??µ\/??) (dBµV/m) (dB)
229 47.2 46.4 0.8
293 51.3 46.4 4.9
307 52.7 46.4 6.3
384 53.4 46.4 7 ~~
432 60 46.4 13.6
574 54.8 46.4 8.4
637 61.5 46.4 15.1
701 63.8 46.4 17.4
745 50.8 46.4 4.4
860 52.3 46.4 5.9
Table 3.4 Measured Radiated EMI 10 m from the Robot (Stationary Mode)
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Measured FCC Limit on Marginal
Peak Frequency Radiated EMI Radiated EMI Difference
(MHz) Sr,meas Sr(|¡m Am = Sr,meas- &r,\\m
(dBµV/In) (dBµV/In) (dB)
201 49.3 46.4 2.9
245 51.5 46.4 5.1
304 60 46.4 13.6
361 63.4 46.4 17
415 62.5 46.4 16.1 """
572 70 46.4 23.6
603 64.6 46.4 18.2
673 60.7 46.4 14.3
734 50.1 46.4 3.7
806 51 46.4 4.6
859 63.8 46.4 17.4
908 62.7 46.4 16.3
920 62.7 46.4 16.3
Table 3.5 Radiated EMI (Measured 10 m from the Friction Stir Welding Machine)
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3.4 Analysis of the Measurements
The radiated EMI limits governed by the FCC are outlined in [1] for Class A industrial
electrical equipment. The measured radiated EMI levels of Tables 3.3 - 3.5 have been
compared against those limits. As observed in the tables, the marginal difference, Am, has
been calculated as the difference between the measured level and the limit at each
corresponding frequency.
According to the FCC Class A limits on the industrial equipment, the operation
frequencies at which the radiated emissions were unacceptable involves those that exhibit
a significant Am. Due to limited resources and complexity of filter design and
manufacturing, the primary focus of this research work is on the frequencies at which the
values of Am are greater than or equal to 15 dB. The frequencies corresponding to the
measured EMI levels having marginal difference higher than 15 dB will be used as the
center frequencies of the band reject filters of next chapter.
The goal of designing the band stop filters (BSFs) of next chapter is to provide stable and
selective filtering of the unwanted frequencies outlines in Tables 3.3 - 3.5 in the vicinity
of the main robotic controller. These filters have been designed and fabricated such that
they can be mounted on the wireless receiver that is connected to the controller's
Input/Output (I/O) unit via standard 50-O BNC connectors. Depending on the robotic
motion, placement of the wireless receiver, and the ambient equipment being used, the
appropriate filter can easily be connected and used while the robotic arm is controlled
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wirelessly. The selected center frequencies of the designed band stop filters for the next
chapter involve those corresponding to Table 3.3, due to the more frequent operation of
the robotic controller independent of friction stir welding tasks.
3.5 Summary of Chapter 3
In this chapter the radiated EMI level measurements were tabulated and compared against
the FCC limits on them at frequencies of 300 - 1800 MHz. The measurement equipment
setup was illustrated and descriptions of the equipment have been provided. Finally, the
results have been analyzed, where the frequencies of interest for the filter design
correspond to those at which the marginal difference between the measured and regulated




4.1 Background and Theory
Many applications of modern electronic communications and microwave systems require
filtering only a specified spurious band of frequencies. Planar BSF technology is
practically desirable due to compact physical dimensions, low fabrication cost, high
selectivity, and wide stop bands.
Conventional filter design techniques such as "Butterworth" and "Chebychev" type filters
are applied to design problems that require no attenuation poles, thereby being the
optimal solution for high-order designs aimed at maximizing filter selectivity [30].
Elliptic filters require attenuation poles in the vicinity of their pass bands, making them
the optimal solutions for high-selectivity filtering applications.
In order to properly investigate the optimal design of EMI filters aimed at suppressing
unwanted frequencies at which higher-than-FCC limit radiated EMI have been measured
in Chapter 3, we will start by presenting simple band reject digital filters in the major
problematic frequency band of 320 - 1800 MHz.
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The Insertion Loss (IL) of the electronic filter is defined as the logarithmic ratio of the
power delivered to the receiver to the transmitted power [15] [31]. This crucial data is a
figure of merit of a filter, which is defined as the ratio of the signal voltage level before
the insertion of the filter (Fi) to that after filter insertion (V2). Mathematically, we will
have:
???-A-= 201og10M (4.1)
If the S-parameters of the filter network are being considered, the IL formula of (4.1) can
be re-written as:
A-=IOlOg10(^), (4.2)
where PLR represents the power loss ratio. Since we are generally interested in a matched
load and source, the power loss ratio, Pir will become:
i-|r(w)|2 |s2]|2
where S2 1 represents the scattering parameter related to the ratio of the filter output
voltage to the input voltage, given that the incident signal waves on all ports but the first
one are set to zero. The square of the real part of the S2] can be re-written as the ratio of
the power delivered to the load to that of the filter input:
, ?I rt \¿ x Matchedl/md




Combining (4.1) - (4.4), the closed form expression for IL can be expressed as:
ILdB = 101og10 (4.5)
According to (4.5), the IL and the square of S2i parameter are inversely proportional.




Table 4. 1 IL as a Function of |521 a
IL is the key figure-of-merit that is used in analyzing the simulation results of the BSFs
of this chapter. The following section discusses the IL of the designed filters in more
detail. The goal is to maximize the IL at the cutoff frequency of each filter, and to have
an IL of approximately -30 dB at the cutoff frequency and -20 dB at the lower and upper
frequencies of the filters.
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4.2 IL and Simulation Results of the Ideal BSFs
The BSFs of this section have been designed at cutoff frequencies corresponding to the
problematic frequencies explained in Chapter 3. More specifically, we will consider the
measurements of Table 3.3 since most of our focus is on the operation of the robotic
manipulator, being controlled by the wireless system in the presence of other equipment
in the factory floor.
The plan is to first realize the lumped element model of the filters. Then, a microstrip
realization of each filter will be developed and simulated using Ansoft Designer v3.
Finally, the microstrip realizations of the BSFs will be fabricated by machine milling
procedures. The S-parameters and the IL of the filters are of great interest to us.
Since the filters are to be used in conjunction to wireless receivers at the robotic
controller end, the finished filters are to be optimally insulated and packaged to avoid any
EM radiations deteriorating their performance. Moreover, in order to avoid mismatch
from the BNC connectors and the series inductors of the filters, a characteristic
impedance of Z0 = 50 O has been used to ensure zero reflection between the lines.
The next section deals with the actual filter models and simulation results based on the
desired cutoff frequency, bandwidth, and source/load impedance of 50 O.
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4.2.1 Ideal Filter Realizations
Figure 4.1 illustrates a typical lumped-element model using transmission lines to realize








Figure 4.1 (a) Lumped Element Model
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I ?, ? Loss'oE;
Freq [GHz]
(b)
Figure 4.1 (b) Response of BSF (fc = 320 MHz)
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Other filters at higher cutoff frequencies have been developed, whose simulated
responses have been illustrated in Figures 4.2 - 4.8.
?p? Lo5-:dE
0,29 Ü.34 0,39 0.44 0.49 0.54 0.59 0.64 0.69
Freq ."GHzJ








0.528 0.5285 0.529 0.5295 0.53 0.5305 0.531 0.5315 0.532
Freq [GHz]








0.678 0,6785 0.679 0.6795 0.68 0.6805 0.681 0.6815 0.682
Freq [GHz]




0.838 0.8385 0,839 0.8395 0.84 0.8405 0.841 0.8415 0.842
Freq [GH:]










1.078 1.0785 1.079 1.0795 1.08 1.0805 1.081 1.0815 1.082
Freq [GHz]












1.344 1.3455 1.347 1.3485 1.35 1.3515 1.353 1.3545 1.356
Freq [GHz]





1,462 1.4625 1.463 1.4635 1.464 1,4645 1.465 1.4655 1.466
Freq [GHe]
Figure 4.8 Realization of BSF (fc = 1464 MHz)
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In the next section, we will translate the mentioned filters into their microstrip line
realizations. The new filters will be simulated using the same software, and the
dimensions and details of the transmission lines will be explained in detail. This
transformation will then enable us to fabricate the actual filters on dielectric substrates
using transmission line technology.
4.3 Designed BSFs using Microstrip Technology
4.3.1 Background and Theory
Microwave components such as filters and antennas can be realized by chemical itching
or milling of metal patterns on a substrate. The substrate consists of a layer of dielectric
substrate sandwiched between two layers of substrates, one of which is the ground and
the other one is typically air. Figure 4.9 (a) illustrates the cross section of a typical
microstrip layout, consisting of top and ground metal plates, dielectric material, and the
top layer on which the conductor strip gets milled. Figure 4.9 (b) is a 3D image of the
actual Rogers RT/duroid® 5880 high-frequency laminate simulated in Ansoft Designer v3
for design purposes. The 3D image has been scaled to the Z-axis and shows the top layer
of the board.






Figure 4.9 (b) 3D View of the Rogers RT/duroid® 5880 in Ansoñ Designer
The above-mentioned filters can be realized by machine-milling conductor strips of a
certain thickness on the Rogers RT/duroid® 5880 laminates. Microstrip circuits are
typically more economical and compact than their waveguide counterparts. On the other
hand, microstrip filters exhibit higher losses. The other disadvantage of microstrip
technology is higher losses due to the dielectric and discontinuity of the layer gaps.
Moreover, unlike waveguides, microstrip filters are not enclosed, and is therefore
susceptible to cross-talk and unintentional radiation.
Since this work focuses on compact dimensions, low costs, and high selectivity, the
mentioned disadvantages are not of significant importance to us. If not properly shielded,
microstrip filters have the potential of becoming vulnerable to spurious EM radiation.
Monolithic Microwave Integrated Circuits (MMICs) implement filters and other similar
passive components being built using microstrip technology. Moreover, high-speed
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digital Printed Circuit Boards (PCBs) implement microstrip transmission lines, thereby
ensuring minimal distortion and minimal cross-talk of signals being routed from one part
of the assembly to another.
In this research work, the "Rogers RT/duroid® 5880" high-frequency laminate has been
selected as the fabrication substrate. The electrical characteristics of this substrate have
been summarized in Table 4.2.
Electrical Property Value
Dielectric Constant, er 2.2
Skin Depth,«? °·0229 (+Z direction)
Volume Resistance 2 ? lO'MQ.cm
Surface Resistance 3 ? 108MQ
Table 4.2 Some Electrical Properties of the Rogers RT/duroid® 5880 Laminate
These filters have been designed for center frequencies at which quasi-peak measured
levels of radiated EMI have been more than the corresponding FCC limits. The
microstrip models of the BSFs have been realized using transmission lines on Rogers
RT/duroid® 5880. The detailed datasheet outlining substrate properties is provided in













Figure 4.10 (a) Conceptual BSF for Cutoff Frequencies below 800MHz
(b) 3D Image of the Designed BSF using Ansoñ Designer
As thoroughly explained in [26], the effective permittivity, eefß for — > 1 can bet








Since w» tin the filter design tasks of this research work, equation (4.6) is solely used
for calculating the eejj based on er, w, and t.




— + 1 .393 + 0.667 In(1 .444 + -)
t t
w 1
The effective width for a microstrip line with — > — is defined as:t 2p
(4.7)





? /' ; (4.8)
, where t' is the thickness of dielectric substrate and is given in the Rogers RT/duroid
5880 laminate as 0.062 inches (~ 1.5748 mm). Moreover, the effective permittivity, seff,
of the microstrip as a function of the line thickness, s, is given as:
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£eff(S) = £eff-
The design procedures for the microstrip BSFs involves the coupling relations between
the center frequencies and the required bandwidths with the dimensions of transmission
lines used for the capacitance and inductance, as well as their spacing. Since the values of
Er and /' are given as 2.2 and 1.5748 mm, formulas (4.6) - (4.8) have been used to couple
the required to calculated the line impedances corresponding to the required cutoff
frequencies.
At the given substrate thickness, a line-width of 1 .5 mm is being calculated to represent a
line impedance of 50 O. Moreover, fine tuning is necessary to make sure minimal ripples
are present in the IL response. In order to do this, the capacitance and inductance lines
have been perfectly attached with minimal overlapped area.
The lengths of the transmission lines are calculated using equations (4.7) and (4.8), where
the thickness and the characteristic impedance of the line are to be used as known
variables. Finally, the transmission lines representing the shunt inductances are separated




The Q-factor determines the competence of the filter, and is defined as the ratio of the
resonant frequency to the 3dB-bandwidth, which is the frequency bandwidth between the
lower and upper frequencies of the filter.
In general, the loaded QL can be formulated as [32]:
/O J resonant J resonant ?? ? m
L~ BW3dB ~ fu- fi
In this research work, we will focus only on the loaded Q, QL, since it is a measurement
of the coupling between the resonant circuit and the power loss at the resonant circuit at
the resonant frequency [31] [32]. More specifically, the QL is the product of the resonant
frequency and the ratio of the stored energy in the resonant circuit to the total power loss
at the resonant frequency. The QL factors of the designed filters in the next section are
calculated based on their upper and lower frequency responses, as well as their center
frequencies.
4.3.3 Simulation Results
In the following designs, the dimensions of the left-most transmission line acting on
behalf of the series inductor, Ls, is fixated at 30x5 mm. By changing the length of the
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right transmission line acting on behalf of the shunt capacitor, Cp, we will vary the exact
cutoff frequency and the attenuation of the BSF.
Figures 4.1 1 - 4.14 illustrate the IL responses of numerous BSFs designed by varying the
length of the transmission line corresponding to the filter capacitor. The simulations have
been conducted using Ansoft Designer, where both Sn and S2 1 parameters have been
swept across appropriate ranges of frequencies. The "dB(S(Portl,Portl))" trace
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Figure 4.1 1 Band Reject Simulation (fc = 320 MHz)
Table 4.3 summarizes the dimensions of transmission lines for the filters of Figures 4.1 1-




















680 70 ? 1.5 mm 30x5 4.01
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Figure 4.15 (a) Conceptual and (b) 3D Image BSF Prototype Design for Cutoff
Frequencies of 840 MHz and beyond
The filter configuration illustrated in Figure 4.15 is used for BSFs having cutoff
frequencies of 840 MHz and beyond. The height of the series inductor stub is adjusted
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according to the frequency of interest, such that the exact separation between the two
shunt capacitor stubs at each frequency is yin.
We have used dual transmission lines on either edges of the stub to represent the shunt
capacitor. It is important to remember that the heights of the two stubs are equal and have
been reduced for these set of designs.
fc
(MHz)
Shunt Capacitor Arms Series Inductor Arm Peak
WxL WxL Ql Selectivity
(mm) (mm) (dB)
850 63.1x1.5 90x5 2.37 -67
1080 47.5x1.5 75x5 2.51 -42
1350 38x1.5 60x5 3.1 -75
1464 34.3x1.5 55x5 3.65 -45
1930 26.99x1.5 45x5 3.6 -69.5
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Figure 4.20 Band Reject Simulation (fc = 1930 MHz)
4.4 Analysis of the Results
Simulation results of sections 4.2 - 4.3 demonstrate high selectivity at the specified cutoff
frequencies, reasonable Q-factors, and narrow stop bands. The filters designed in this
chapter will be used to suppress unwanted radiated EMI in a factory floor environment.
In order to properly fabricate the designed filters on a 62-mil thick Rogers RT/duroid
high-frequency laminate, the prescribed dimensions of the transmission lines must be
exactly as described in Tables 4.2 and 4.3. Moreover, in order to maximize the filter
selectivity at the cutoff frequency, no discontinuity must exist between the transmission
lines of the filters.
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4.5 Summary of Chapter 4 & Next Research Steps
Both lumped element and microstrip models of BSFs used for EMI suppression have
been designed and simulated. Chebychev and elliptical band pass filter designs have been
improved in terms of gain, phase response, and the group delays. The optimum band pass
filter will be Elliptic-based due to its smooth gain, phase response, and group delay. The
most optimum BSF design will use the Chebychev method due to smooth phase response
and similar group delay and gain [33], [34].
The next step will involve reducing the peak group delay value at higher frequency
edges. Finally, a comprehensive summary on the gain, group delay, IL, and the S-
parameters of the filters using transmission lines will be provided in the next two
chapters.
The selectivity of the BSF plays a crucial role in determining which exact signal
components are passed through and which ones are filtered [13]. The Q-factor of an RF
BSF should be determined in such a way that the Adjacent Channel Selectivity Ratio
(ACSR) is kept below a threshold. In the next chapter, we will define the Q-factor along
with other design parameters and will use RLC network components to physically
simulate both the Chebychev and Elliptic filters. To have a practically reasonable high-Q
filter, we will study the positive feedback design and will also study Q-multipliers that
will boost the Q factor of the filters.
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Chapter 5
Filter Fabrication and Testing
5.1 Filter Prototype Fabrication
The BSFs of Chapter 4 have been built on Rogers RT/duroid® 5880 high-frequency
laminates. A milling machine has been used to realize the filters on the laminates. The
built BSFs are illustrated in Figures 5.1-5.6.
Two SM connectors have been soldered to the input and output ports of each filter in
order to connect it to the Network Analyzer's ports 1 and 2. The mentioned BSFs of this
section were measured for their S-parameters and their phase responses at Sn and S22
using the Hewlett-Packard (HP) 8720A Network Analyzer illustrated in Figure 5.7. The
measurements have been conducted using a total of 801 equally-spaced data points in the
600-2000 MHz frequency range.
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Figure 5.2 BSF Prototype (fc = 840 MHz)
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Figure 5.3 BSF Prototype (fc = 1080 MHz)
Si








Figure 5.5 BSF Prototype (fc = 1464 MHz)
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Figure 5.6 BSF Prototype (£ = 1930 MHz)
64
Bs^ÎÎWSH
Figure 5.7 BSF Prototype Measured by the HP 8720A Network Analyzer
The measured S-parameters and the phase responses have been tabulated and plotted in




In this section, the S-parameters of the BSFs have been measured and tabulated using the
HP 8720A Network Analyzer, LabVIEW software, and Microsoft Excel. Figures 5.8 -
5.13 illustrate the Sn and S21 parameters of each BSF with the peak value of frequency
selectivity and the cutoff frequencies.
Figure 5.8 S-Parameters of the 680-MHz BSF Prototype
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Figure 5.13 S-Parameters of the 1930-MHz BSF Prototype
The next section will focus on the phase responses of the BSF prototypes, corresponding
to both Sn and S2] at each frequency.
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5.3 Measured Phase Responses
In this section, the phase responses of the manufactured BSF prototypes have been
measured using the same exact frequency sweep used in the previous section. Figures
5.14 - 5.19 illustrate the phase-changes of the BSF prototypes at both Sn and S2],
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Figure 5.19 Phase Responses of the 1930-MHz BSF Prototype
5„4 Discussion of the Measured Results
5.4.1 The S-Parameiers
It is important to note the slight decrease in the selectivity values at cutoff frequencies of
the fabricated BSF prototypes, due to the losses in the solder pads, the loss in joints
between the connectors and the circuit traces, and the loss in the cables connecting the
HP 8720A Network Analyzer to the BSFs. Despite the difference in the selectivity values
of the theoretical and measured results, these BSF prototypes will still suppressing great








used for the robotic controllers. The BSF design objective of having selectivity of -20 dB
or better at the cutoff frequencies has been successfully accomplished.
5.4.2 The Phase Responses
The illustrated phase shifts of Figures 5.14 - 5.19 are well within the expected theoretical
values. The phase values near the cutoff frequencies, as well as the perfect shift of the
frequency response from the Sn to the S2 1 values represent the prompt operation of the
filters and their behavior in the tested frequency range of 600-2000 MHz. The occasional
ripples observed in the phase responses at S2 1 are due to the occasional movement of the
cables during the tests, the imperfections of the filter traces, and the losses introduced to
the connectors by somewhat excessive solder pads.
5„5 Summary of Chapter 5
The BSF prototypes have been realized using microstrip traces machine-milled on high-
frequency Rogers RT/duroid® 5880 laminates. The prototypes with cutoff frequencies of
680 MHz and beyond have been considered due to smaller sizes and their relevance to
the wireless communication spectrum. Both the S-parameters and phases (at Si ? and S2i)
have been measured for all the machine-milled BSFs using the HP 8720A Network
Analyzer.
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The obtained S-parameter plots showed overall satisfactory results, except for slight
decreases in frequency selectivity values. Nevertheless, the peak selectivity values at the
cutoff frequencies were lower than -20 dB, which satisfied the design objectives.
The phase responses of all the built BSFs were also measured, where the responses at Sn
and S21 showed logical shift with minor ripples due to very sensitive measurement cables
and the losses due to circuit trace imperfections.
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Chapter 6
Conclusions and Future Work
6.1 Conclusions
This research project has contributed to the radiated EMI level measurements of a
medium-size aerospace manufacturing factory floor. As explained in Chapter 3, the
radiated EMI levels in the vicinity of robotic and other high-voltage equipment have been
conducted and tabulated. Since the focus of this work is on the wireless robotic control
and the adverse effects of EMI on it, the measured radiated EMI levels near an operating
robotic controller have been considered. The measured EMI levels at each frequency
have been compared against the governed limits set by the FCC for Class A industrial
equipment. Finally, the problematic frequencies have been identified and form the basis
for the filter design tasks of the next chapter. In Chapter 4, the theoretical aspects of
microwave BSF design have first been demonstrated. The process of conceptual filter
design started with MATLAB. Later on, more accurate prototypes have been finalized
and simulated via Ansoft Designer. The Ansoft Designer's capability of producing
Gerber files for filter fabrication has provided the opportunity to build the designed BSFs.
In Chapter 5, the BSF prototypes have been realized on Rogers RT/duroid 5880 high-
frequency laminates using machine milling. As a proof of concept, the prototypes have
been tested and measured for their S-parameters and their phases. The results have shown
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frequency selectivity values of lower than -20 dB at the cutoff frequencies. Although the
selectivity values are slightly higher than the theoretical ones due to manufacturing and
equipment imperfections, using these filters will significantly reduce the effects of EMI
on the wireless robotic controller link. Moreover, the SNR at the robotic controller
receiver will be enhanced by the means of suppressing unwanted EMI.
6.2 Recommendations for Future Work
The future recommendations start with perfect electromagnetic shielding of the filters.
Adverse effects of radiated EMI and voltage surges of the controller could negatively
affect the performance of the filters. Moreover, the effects of the built BSFs on the
measured EMI noise are to be simulated using MATLAB, where the outputs of the
simulated block set will represent each BSF' s behavior and selectivity.
Next, the filters must be fine-tuned and tested for various wireless control commands,
since simpler commands (e.g., interfacing or manipulator coordinates position request)
require different frequency bandwidth than more complex commands (e.g., arc welding
or high-speed intelligent peen forming).
Finally, a perfect matching between the connectors of the BSFs and the wireless
modem's antenna and casing is necessary in order to ensure zero signal reflection and to
avoid any performance degradation.
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